Best Practices in Dam and
Levee Safety Risk Analysis

I\V-4. Internal Erosion
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Internal Erosion in Embankments
and Foundations

 One of the leading causes of failure of
embankment dams has been internal erosion.

 Because internal erosion can occur due to
“normal” operations, it may pose higher risks
to a dam than remote loading condltlons ike

floods and earthquakes
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UNSW Statistics on
Embankment Dam Failures

e UNSW (Foster et al., 1998, 2000) looked at
historical frequencies of failures and p—_
accidents in embankments of large dams ] T vy or
constructed from 1800 to 1986:

— 47% of failures due to internal erosion

DAM INCIDENTS

— 48% of failures due to flood overtopping
or appurtenant structure failures

— 4% of failures due to static slope stability

— 2% of failures due to seismic failures,
including liguefaction
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* For Reclamation, Teton was
the most significant.

e Additional examples include
Quail Creek Dike, Baldwin
Hills Dam, and numerous
others.

— Many of which have been or
will be a subject of a
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Teton Dam

e Reclamation dam in Idaho

e Failed catastrophically on
June 5, 1976 during first-
filling of the reservoir

e 300-foot high dam
released a nearly full
300,000 ac-ft reservoir

atalities an damnr
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Teton Dam

e Failure attributed to internal erosion of embankment
into foundation

e Zoned earthfill dam with low plasticity loessial core,
founded on jointed volcanic rhyolite

e Dam breached within roughly 5 hours of muddy
seepage being observed at downstream groin
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Quail Creek Dike

e Washington County (Utah)
Water Conservancy District

e Failed in 1989 after 4 to 5
years of operation

e 80-foot high dike; reservoir
release of 25,000 ac-ft

No fatalities but S12 million
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Wabash River Levee Unit No. 8

e USACE-constructed levee in
Daviess County, Indiana
— Rated “unacceptable” in 2003

— No longer active in the Corps’
Rehabilitation and Inspection
Program

— Failed in 2011 duringonlya 1
in 7-year flood, which was =
only the 13th highest. ' =

e Due to backward erosi
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Notable Incidents

e Reclamation: Fontenelle Fontenelle §
and A.V. Watkins are two Dam |
of the most severe

e USACE: East Branch and
Wister are two important

cases EaSt h
. ranc
e Other examples include Dam

Caldwell Canal, Davis
Creek, Willow Creek

— Many of w_hich will b
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Fontenelle Dam

e Reclamation dam in
Wyoming

e Experienced a severe
incident in September
1965 during first-filling of
the reservoir

e Large sinkhole formed
near spillway, and more

than 10,000 cubic yards
of material was eroded
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Fontenelle Dam

* Incident attributed to internal erosion of embankment
into foundation

e Zoned earthfill dam with low plasticity core, founded
on jointed (stress relief) bedrock

e Dam may well have failed if not for ability to lower pool
level.

.Sectic)n B-B

Void caused by settlement on $
upstream side of crest roadway N

Reservolr water surface
at time of sink hole
\ : collapse

\ __Probable prior cavity
\ into 'Hhich mass ae_t_tled _
\ -
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A.V. Watkins Dam

1113106 - = . N
[Sand deposited in South Drain s

e Reclamation dam in Utah

 Nearly failed in November
2006, after over 40 years
of successful operation

e Particle transport, muddy
seepage, and sinkholes
located downstream
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A.V. Watkins Dam

e [nternal erosion mechanism was backward erosion piping in
foundation sands beneath a caliche roof.

e Embankment would have likely failed without intervention
efforts both at the downstream toe and the upstream face.

Water under nearly full

reservoir pressure rushes
into piping conduit
South

Drain

Silt and silty sand

As more foundation material
erodes, ground begins to
collapse into piping conduit
causing blockage

Piping conduit
breaks through
hardpan and into
reservoir

Eroded soil
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Wister Dam

e USACE dam in Oklahoma

e Experienced serious internal |
erosion in 1949 during initial filling |

e Muddy seepage emanated from
downstream face (under a
gradient of only 0.02)

* Believe to be a result of cracking
due to differential settlement

e Case of internal erosion through
the embankment

- Grades sand and grave!
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Deer Flat Dam
Caldwell Canal O/W

e Reclamation dam in Idaho

e Required emergency actions
in 2006 after 94 years of
operation

e Seepage transported
embankment materials into
conduit through cracks

e Significant voids found under
much of conduit length

Case of internal er05|on
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Ensley Levee

e USACE levee in Memphis,
Tennessee

e 300-ft long seepage berm
added in 1990 consisting
of bottom/fly ash

e During spring 2011 “epic”
Mississippi River flooding,
+30 sand cones observed
(2.5 feet tall and 10 feet
in diameter)

nipe collapses

5 DEPARTMENT OF THe 7=

3 %




General Categories of Internal Erosion

e |nternal erosion potential failure modes can be
categorized into general categories related to the

physical location of the internal erosion pathway:

— Internal erosion through the embankment
— Internal erosion through the foundation

— Internal erosion of the embankment into the foundation, including
along the embankment/foundation contact

— Internal erosion into/along embedded structures such a
spillway walls

nternal erosion into drain
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Internal Erosion through Embankment

All zoning not shown

Dam
Contributory flow path
Phreatic
surface
Developing stage - Unprotected
Initial stage exit
Foundation

U
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Internal Erosion through Foundation

Al z-nn.in'g__ not shown

Contributory flowpath

Unprotected
exit

Foundation

Multiple pipes Contributory flows from

foundation seepage
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Internal Erosion

of Embankment into Foundation

All zoning not shown

Dam
Form
- i
Phreatic
- surface
Developing stage [l S,
it S
Initial stage et ::%4‘1
ﬂ-ﬁ;ﬂi %

];i'.'f::'m‘.};_ —

Foundation

NBUREAY oF RecLAMATOL "




Internal Erosion of Embankment
into/along the Foundation

e There are two variations of this category, depending on
the location of the seepage path:

— When the seepage path is primarily in the embankment
and the foundation can act as a “drain,” there is a potential
for embankment soils to be eroded into the foundation
soils or rock (if unfiltered exit is present).

— If the seepage path is primarily through a pervious
foundation material along the contact of embankmen
foundation, it is more likely that the foundatlo :
will attack/erode the overlymg core. |




Internal Erosion of Embankment into
Foundation: Two Scenarios

Cavity progresses
to reservoir A/Z

General seepage gradient from
foundation into embankment

Material lost
into foundation A/Z

Jointed rock foundation Z/_

47 Cavity progresses S Coarse downstream shel IS
Core Material to reserwoir/ high

ZW per meable zone

== Material erodes into downrstream
{ = embankment or exits at toe

/ /
VAN 2/ T S
om

eneralseepagegradientfr
foundation into embankment Jointed rock foundation S
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Internal Erosion into/along Structures

(@)

SEEPAGE
\‘\\k INTO CONDUIT

%‘-—_}-__‘

(a) SEEPAGE ALONG
OUTSIDE OF PIPE

HOLE IN CONDUIT

Crack or Gap
Water flowing through the hydraulic
fracture can erode the sides, leading to
intemnal erosion and the development of

Spillway a void along the conduit.
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Internal Erosion into Drains

e Reclamation has had a number of incidents of internal
erosion into drains:
— Toe drains
— Structure underdrains

e Potential for drains to corrode or deteriorate over time
explains why this mechanism can be an issue.

e |n addition, many older drains were constructed
without proper filters surrounding drain pipes.

———
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General Types of
Internal Erosion Mechanisms

e There are several
different types of internal
erosion mechanismes.

e USACE tends to follow the
processes as defined by
the International el e e
Committee on Large Bt T
Dams (ICOLD).

e Reclamation has adopted
slightly different




Piping Mechanism

Pipe-formation

Pipe-formation

Progressive erosion

Instability of the levee

Breakthrough




Stoping Mechanism

e Also referred to as “internal migration” (Reclamation)
and “global backward erosion” (ICOLD)

Reservoir Surface “*__wo : Sinkhole Developed by Backward

| -
e /Erosmn
| |
/ I ‘ o _ SL e S
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Stoping Mechanism

— Cohesionless Fill

SEEPAGE
INTO CONDUIT

HOLE IN CONDUIT
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Scour Mechanisms
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e Also called:

— Concentrated leak erosion
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Contact Erosion Locations

a)
%‘I@ﬁ%%ﬁ@%%%ﬁ%&ﬁ -
;%w@%wﬁ“@%@ﬁ% e e
-Cum
Shoulders
b)

Drain

Foundanon
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Suffusion/Suffosion Mechanisms
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Suggested Approach for Evaluating
Internal Erosion Risks

e Develop and discuss all potential failure modes
— Fully describe each PFM

 Develop event trees for each credible failure modes
— Start with generic and adapt as needed

 Assemble background information

— Geology, material properties, gradations, instrumentation
design, construction, etc.

e Perform supporting analyses
— Filter, seepage, stability, gradi
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Suggested Approach for Evaluating
Internal Erosion Risks

Develop “more likely” and “less likely” factors for each
event on the event tree

— Start with factors on reference tables; add other site-
specific factors

Estimate the probability (and range of uncertainty) for
each event

Perform supplemental evaluations as needed

— Consider what is driving the potential failure mc
evaluate further as needed




Conceptual Model of
Internal Erosion Failure Process

 The internal erosion process can be
conceptualized as having 4 general components
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Conceptual Model of
Internal Erosion Failure Process

e |nitiation: Refers to the initial movement of soil grains
by seepage flows

e Continuation: Refers to the need for an unfiltered exit
or “repository” for the internal erosion to continue (or
even develop in the first place)

* Progression: Refers to several factors that are needed

for erosion pathway to grow or progress (includi
support, flow I|m|t|ng, seIf—heaImg)




Typical Event Tree for Risk
Analysis (Reclamation)

U Reservoir at or above threshold level
U Initiation — Erosion starts
& Continuation — Unfiltered or inadequately filtered exit exists

% Progression — Continuous stable roof and/or sidewalls

Y Progression — Constriction or upstream zone fails to limit flows

% Progression — No self-healing by upstream zone
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Typical Event Tree for Risk
Analysis (USACE)

& Reservoir loading (at or above threshold level)

U Flaw exists — Continuous crack, high permeability zone, zones subject to
hydraulic fracture, etc.

O Initiation — Particle detachment (erosion starts)

& Continuation — Unfiltered or inadequately filtered exit exists

& Progression — Continuous stable roof and/or sidewalls

L Progression — Constriction or upstream zone fai
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Reservoir Rises to Critical Level

e Obviously, the potential for internal erosion is related
to the reservoir level (or water surface stage) behind
an embankment or levee.

e This initial node is important as it can play a role in
several phases of an internal erosion process, including
initiation, progression, intervention, and breach.

e Typically, the probability of a given reservoir ele
is determined through the use of reservoi
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Initiation of Internal Erosion

e |nitiation

e Continuation

* Progression



Erosion Initiates

e This is typically considered the key node in the
entire event tree and also probably the most
difficult one to estimate.

e |t essentially represents the probability that
erosion will initiate (i.e., the first grams Vi
start to move) '




Soil Erodibility is a
Function of Material Properties

e Plasticity is viewed as the key material property.

— Internal erosion is simply far more likely to occur in
cohesionless (or low plasticity) soils than in cohesive
or plastic soils.

* Gradation and particle-size are also important.

— As particle sizes increase, it takes a higher seepage
velocity (more energy) to move soil particle




Piping Potential of Soils
(Sherard 1953)

= _— 3
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Greatest Piping Resistance 1. Plastic clay, (Pl > 15), Well compacted.
Category (1) 2. Plastic clay, Pl > 15), Poorly Compacted.
Intermediate Piping Resistance 3. Well-graded material with clay binder,
Category (2) (6 <Pl < 15), Well compacted.
4. Well-graded material with clay binder,
(6 < Pl < 15), Poorly compacted.
5. Well-graded, cohesionless material, (Pl < 6),
Well compacted.
Least Piping Resistance 6. Well-graded, cohesionless materlal (P
Category (3) Poorly compacted.
Very uniform, fine cohesior

P ell comp




Hydraulic Conditions

 Hydraulic gradients and seepage velocities are
generally considered the key factors determining
the potential for the initiation internal erosion.

 Gradient is easy to measure in the lab; velocity
less so. In the field, both are difficult to
impossible to measure.

 Hence, “overall” gradients along the entire
suspected internal er05|on pathway re
estimated when




Horizontal Gradients

e Thereis a fundamental difference between upward
(vertical) gradients and horizontal gradients.

 While upward (vertical) gradients relate to the
potential for heave or uplift, and the possible initiation
of internal erosion, horizontal gradients affect the
probability that internal erosion can occur.

e Several researchers have measured erosion potential i
the lab and determined gradients at which ce
may erode (in the lab).

vard erosion piping r
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Stress Conditions

e For our purposes, a discussion of stress
conditions that influence the potential for
internal erosion to initiate will focus on the
presence of defects.

* Frequently, such defects occur from unfavorable
stress conditions in an embankment or levee,
including:

— Arching around penetratlng condmts _
- Arching around '




Defects in Embankments and
Foundations

* Cracks
 Arching and low stress zones — hydraulic fractures
 Conduits and other penetrating Structures

 High permeability zones — coarse soils; low
density soils

Bedrock joints and fractures
1strumentation installations
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Defects in Embankments and
Foundations

e Basic cause of cracking in embankment dams

— As an embankment is constructed, the compacted materials
consolidate and settlement occurs.

— Differential settlement is a result of:

e Differing foundation geometry (rock foundation irregularities,
benches, steps, etc.)

* Differing embankment heights and differing material properties

» Different foundation materials with different compressibility
(including hydrocompression of loess)

o Stiff elements (conduits) within an embankment

— Degree of cracking depends on many factors g
- ance over which the i
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Defects: Embankment Dam Cracking

 Understanding the types of cracking mechanisms
e Where to look for cracking in embankments:

Vertical longitudinal cracks
in center of valley
(also common on very

Vertical transverse
cracks over
embankments

Intermediate vertical
diagonal cracks

Fig. 20. Common crack patterns in small dams.
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Hydraulic Fractures

 Hydraulic fractures are formed when hydraulic
pressures exceed minor principal stresses (and
tensile strength of the soil).

 Hydraulic fractures can occur:

— In areas of low stress where arching occurs

— When improper drilling methods are us
core of the dam s

TMENT OF T
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Hydraulic Fractures

e Sherard (1986) described the process for how a
hydraulic fracture forms:

— In some cases, the fracture never gets wide enough to
allow erosion. Depends on flow velocity and
erodibility of soils

— In many cases, the fracture closes as stresses are re-
distributed and as materials saturate and exp




Defects: Conduits through dams

ROLLER CAN COMPACT

e (Causes of internal erosion SO U s o
around conduits (Fell et al. SR = o % o
2004): A ST s
— Inadequate compaction due to owe

cutoff collars ® Q E’g}#&m“
— Inadequate compaction under
the pipe

IMPOSSIBLE
— Cracking of soil or weak rock in
the sides of trench

CONCRETE
/

(f CRACKS IN SIDF
OF TRENCH

CRACKS DUE TO

D) DIFFERENTIAL SETTLEMENT

CONCRETE SURROUND

FERSET VIR SV

SENN NS T

CORRUGATED
/SHEETING USED TO FORM CONCRETE

e - T~—PIPE

— — — — — — —_ _(ONCRETE SURROUND

=—COMPACTION IMPOSSIBLE IN
CORRUGATIONS
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Defects: Conduits through dams

 Problems with seepage collars (FEMA 2005)

Figure 17.—Failure of an embankment dam following first filling. The
=35 E?ART“EN/T\ OF THE T failure was attributed to internal erosion because the time reqguired for

V- 10p seopage to develop through the compacted embankment and cause failure
m \ was very short. Also, the soils are not the type ordinarily considered
= . 8 susceptible to backward erosion piping. Antisecop collars were not

BUREAy OF -RECLMM"O“ effoctive in preventing the failure.




Defects: Conduits through Dams

e Factors increasing the likelihood of developing problems with
conduits (FEMA 2005)

— Abrupt changes in foundation conditions (differential settlement)
— Circular conduits without proper bedding
— Conduits with an excessive number of joints

— Excavations that remove unsuitable foundation materials under the
conduit can lead to differential settlements

— Compressible foundations

— Embankment materials susceptible to internal erosion
— Inadequate compaction around conduits d
Conduits constructed of m
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Defects: Spillway Walls

e Locations where a crack or v smmo
gap could form between / \ s
| m

the dam and a spillway wall m\
(Fell et al. 2004):

— Steep foundation adjacent
to spillway wall

~potential for gap to form
| as dam fill settles

— Change in geo

spillway I.'I embankment crest

ARTMENT OF THE
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Defects: High Permeability Zone

* Possible causes:

— Poor compaction (low density, thick lifts, water content):
e Low density, poor QC, smaller equipment
e Thick lifts, poor QC, rush construction
* Water content problems, or no effort to use water
* Water conditioning effectiveness on fill versus in borrow area

— Layers of coarse soil:
e Borrow area development (fining upward sequence)
. Varlable borrow (best materlals are used flrst -

= _— 3
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Defects: High Permeability Zone

* Possible causes:

— Winter construction and winter shutdown:
* |Ice lenses; decreased density. Was sacrificial lift placed?
e Lifts exposed to weather and precipitation
* Special efforts for winter climates

— Desiccation during construction:
e Construction during hot, dry seasons
e Lifts dry out and crack.

— Embankment placed agalnst structures such :
conduits :

= _— 3
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Defects: High Permeability Zone

e Possible causes:

— Closure section

 Fill slope exposed to weather and precipitation for
period of time

e Could have high permeability if proper treatment o
was not performed




Foundation Defects

 Bedrock defects can include bedrock joints,
fractures, bedding planes, foliation, shears, faults.

e The term “discontinuities” used to describe these
defects.

e Sources of bedrock defects can include:
— Stress relief joints in valley sides (Fontenelle Dz
— Stress relief in valley floor .




Foundation Defects

e Factors to consider:

— Widths of defects (controls flow rate and size of particles
that can be transported)

— Continuity of bedrock defects

— Site topography and geology (fairly well-know for
Reclamation dams)

— Geology (strike and dip directions)
— Quality and quantlty of subsurface mformatlo




Foundation Defects

e Factors to consider: — Unique geologic features in
contact with embankment,

including the base of a
cutoff trench

— Joint infilling and soil type

— Effectiveness of bedrock

routing (if an
8 A y) — Surface treatment (if any)

— Effectiveness of cutoff and shaping can be the

walls (if any)

— Effects of blasting during
construction: -
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Foundation Defects

e Karst or solution features considerations:

— Mechanical erosion of the in-filling is typically the
main concern

— Less concern with solutioning of rock

— Erosion of ancient sinkholes with in-filled breccia
— Highly dependent on the geologic environm

ARTMENT OF THE
S‘ DE? = N ”" rfﬁ /0

alfidtds.




Foundation Defects

e Soil foundations: factors to consider:
— |s the dam founded on landslide materials or talus?

— |s there a continuous upstream to downstream layer
of cohesionless material?
— |s the material erodible? Is the Pl less than 77

— Is the continuous layer beneath a confining layer at
the downstream toe? If so, consider blowout.

— How thlck 1E the conflnlng layer? Are ther |




Animal Burrows

e Typically, more of concern on canals and levee embankments
(smaller structures) than dams

L ]
Waterline

oEP ARTMENT OF THE "NTE'R/

NBuReay or pecLaMATON




Estimating the Probability of the
Initiation of Internal Erosion

e Different agencies approach the estimation of the
probability that internal erosion will estimate in
different ways.

— Reclamation relies primarily on the use of historical “base
rate frequencies” developed from the number of incidents
observed in the nearly 100 years of dam operation.

— USACE looks at a variety of studies, research, and analys
to gain an understanding of the potential that nte
er05|on may initiate for the glven condltlo '

ing evaluated as W |




USBR - Proposed Best Estimate Values of
Annual Probabilities of Initiation of
Internal Erosion by Category

Category of internal erosion Range of initiation probability
Embankment only 3x104 to 1x103
Foundation only 2x103 to 1x102

Embankment into foundation 2x10% to 1x103
Into/Along conduit 4x104 to 1x103

Into drain 5x104 to 2x103
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USACE Tools for Estimating the
Probability of Initiation

e For concentrated leak erosion:

— Evaluation of “critical shear stress” from Hole
Erosion Tests (HET) and Jet Erosion Tests (JET)

— Evaluation of “hydraulic shear stress” in cracks
based on UNSW testing

e For contact erosion:




USACE Tools for Estimating the
Probability of Initiation

* For backward erosion piping:
— Kovacs (1981) work on the critical exit gradient

— Terzaghi and Peck (1996) discussion of piping by
heave

— Sellmeijer et. al. (2011) research (DeIft/DeIt
testing) on horizontal gradlent -




USACE Tools for Estimating the
Probability of Initiation

e For suffusion:
— Sherard (1979) approach to internal instability
— Burenkova (1993) work on internal instability

— Wan and Fell (2004) research/testing on suffusion
at UNSW
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Use of Tables

 For either approach, risk estimating teams are
encouraged to use the table of “more likely” and “less
likely” factors included at the end of the chapter.

 These tables provide a number of factors that make
each step of the internal erosion process more likely or
less likely to occur.

e The tables represent a compilation of the finding a
judgment from many researchers as wel ]
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Continuation:
Filters and Unfiltered Exits

e |nitiation

e Continuation

* Progression
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Continuation

e Typically, the second phase of the internal
erosion process in which an open, unfiltered, or
inadequately filtered exit allows erosion of the
embankment or foundation materials to
continue.

* When considering the potential for continuation
at a particular dam, the downstream
embankment zones and foundatlon ma




Particle Retention Criteria for Filters
and Base Soil Categories

e Notes:

— Re-grade base soil on No. 4 sieve
— Criteria not sufficiently conservative for dispersive soils

FC=15

|(3:ase Soil Fines Content Criteria for No Erosion Boundary
ategory (percent)
1 FC > 85 DisF < 9(DgsB)
40 - FC
3 15 <FC <40 DysF < (4(DgsB) ~0.7) ( 25
If 4(DgsB) < 0.7 mm, us




How a filter works to prevent internal
erosion in event of a flaw

 Eroding soil is caught at the
filter face. Hydraulic fracturing
from the high gradients
between water in the crack
and the filter causes further
widening of the cake on the
filter until the gradient is
reduced. The very low
permeability filter cake covers
the width of the crack and
some distance on each side.
The remaining filter is open for
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Filters That Do Not Meet Modern Filter
Design Criteria

e What if filter is coarser that required by modern
filter criteria?

* Foster and Fell (2001) developed concept of some
erosion, excessive erosion, and continuing
erosion.

— Function of amount of particle retentlon aAN(
much erosion occurs
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Foster and Fell (2001) Criteria

 No erosion: The filtering material stops erosion with no or
very little erosion of the base material.

 Some erosion: The filtering materials initially allow erosion
from the soil it is protecting, but it eventually seals up after
some erosion.

e Excessive erosion: The filter material allows erosion from
the material it is protecting, but after excessive erosion of
base soils. The extent of erosion is sufficient to cause
sinkholes on the crest and erosion tunnels through the
core. .-

Contmumg erosion: The filteri

material i
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Excessive/Continuing Erosion Criteria

Base Soil Criteria for Excessive Erosion Boundary
DgsB < 0.3 mm DisF > 9(D95B)
0.3 < DgsB <2 mm DisF > 9(DgoB)

DgsB > 2 mm and
FC < 15 percent

DgsB > 2 mm and (35 — FC)
15 percent < FC < 35 percent DB 22 ((4(D85B) =00 20 LY

DgsB > 2 mm and D1sF > (DsF value for erosion loss of 0.25g/cm? in
FC > 35 percent the CEF test, as shown in Figure 26-34)
Notes: Criteria are directly applicable to soils with DgsB up to 4.75 mm. For soils
with coarser particles, determine DgsB and DgsB using gradation curves
adjusted to give a maximum size of 4.75 mm. o

DisF > 9(DgsB)

* Continuing erosion
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Continuation: Unfiltered Exit
Other Considerations

e Filter width
e Internal instability
* Segregation

Cohesion and cementation
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Filter Width

e Theoretical minimum width or thickness for filter
designed according to “no erosion” criteria is very
small and does not control the dimension of filters.

e Width of filter is often dictated by construction
considerations.

 The wider the filter, the less potential for a continuou:
((fIaW” .
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Internal Instability of Filters

e Suffusion of filter material:

— Fine fraction erodes out of a filter material leaving
a coarser filter which is not compatible with the
base soils (increases effective D,F).

— When the filter can no longer retain base (core)
materials, the core may be transported hrc
the filter, resultm.'




Segregation of Filter Material

e Undesirable construction
practices:

— Dropping filter materials
into piles or windrows from
front-end loaders, trucks, or
other equipment

— Using conveyor belts to
dump filter materials on
stockpiles

oading materi




Segregation of Filter Material

 Concern is the potential for coarse-grained
layers that do not meet filter criteria that are
continuous or sufficiently large to act as a
repository

* Broadly graded materials, partlcularly wit
maximum particle S|ze >75 mm
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Cohesion and Cementation

e Key concern is whether the filter or zone immediately downstream
of impermeable zone will collapse in event of pipe or crack
e Achieved by:
— Limiting fines content to 5% or less
— Requiring fines be non-plastic
— Testing for cementation agents
* Concerns:

— Cementing of filters may occur if filter composed of carbonat g
particles such as limestone or dolomite :

ability of filter to s

— Cementation or cohesion can.r reau

?
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Progression

e |nitiation

e Continuation

* Progression
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Progression

* Progression is the process of developing and
enlarging an erosion pathway through the
embankment or foundation.

* |s there some condition that exists or a
process that could occur to stop the erosi
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Progression

 Progression phase is typically considered by evaluating
three events (or processes) that could occur:
— Continuous stable roof and/or sidewalls: Does a

continuous, stable roof (or sidewalls) develop through the
core or foundation?

— Constriction or upstream zone fails to limit flows: Will
flows be limited sufficiently to prevent the erosion path
from increasing in size?

— No self-healing by upstream zone: Will mater'
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Progression

 These three progression events do not

necessarily occur in a linear progression (e.g.,
roof could be initially stable, but collapses

when the pipe enlarges after flow I|m|t|ng was
unsuccessful).

ENT OF THE
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Continuous Stable Roof/Sidewalls

 Primary consideration is whether a continuous
hard layer or stiff zone exists in the embankment
or foundation above the eroding materials under

consideration.

— Concrete structures such as conduits, spillways or
walls can serve as a roof.

— Hardpan, caliche, basalt, or stiff clay in the foundati
can serve as a roof.

— Absent a continuous structure or harc
ain a roof de




Hardpan at A.V. Watkins Provided a Roof

e Continuous hardpan exists from South Drain to
upstream of the dam

Downstream slope slumps
Cracks form as dam and initiates collapse of material
continues to slump into voids created by piping.
Breach development initiates
Seepage flows
/\ / into sinkholes
r f Ty — South

Silt and silty sand
4 Hardpan layer H / \ Drain

Collapsed soil blocks Eroded soll

piping conduit causing
seepage to exit at toe

Silt and silty sand

Clay
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Guidance for Probability of Stable Roof
and/or Sidewalls

USCS Soil Fines Content, FC Probability of

Classification (percent) Plasticity of Fines Moisture Condition Holding a Roof (Per)
Clays, sandy clays . i
(CL, CH, CL-CH) FC>50 Plastic Moist or Saturated 0.9+
. Plastic or .
Silts (ML, MH) FC>50 Non-Plastic Moist or Saturated 0.9+
Clayey sands,
gravelly clays (SC, I15<FC<50 Plastic Moist or Saturated 0.9+
GC)
Silty sands, silty .
gravels, silty sandy I15<FC<50 Non-Plastic Sa'\t/tljc;;stted 8; :g 83:
gravel (SM, GM) ' '
Granular soils with
some cohesive fines - Moist
(SP-SC, SW-SC, > ECES FEEE Saturated
GP-GC, GW-GC)
Granular soils with
som non-plastic fines 5S<FC<15
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Constriction or Upstream Zone
Fails to Limit Flows

e Considers upstream zone or flow constriction at
any point along the path that could prevent
further progression of erosion

* Flow limitation can potentially result in an
equilibrium between flow velocity (forces tendmg i
to erode the soil) and the ability of the soil to
withstand the erosion, so the erosion pre

SEPRRTMENT OF THE s




Constriction or Upstream Zone
Fails to Limit Flows

e Teton Dam foundation i e ot VR g
conditions (and lack of surface %
treatment) are extreme.

 Fontenelle Dam also had Usieelt
similar foundation conditions, Dam
but progression (and breach
process) occurred more slowly
due to much smaller bedrock
discontinuities.

e Progression phase of the
process can allow time for
successful intervention as

ccurred at Fontenelle Da
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No Self-healing by Upstream Zone

e Are upstream zone materials capable of being transported to a
downstream zone or constriction (such as a bedrock joint) where a
filter could form sufficient to prevent further erosion of the core?

No benefit to this node if no
downstream zone or
constriction exists

e Favorable characteristics of upstream zone: |
— Coarse, cIean cohe5|onless upstream materlals __ 1

= _— 3
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Intervention

e This single event in the event tree evaluates the potential
that two components might occur:

— Detection: Whether, or when, a developing failure mechanism
would be observed and recognized as a problem

— Ability to successfully intervene: Can mitigating efforts be
implemented in time to stop or slow the failure process to the
point where dam breach does not occur?

 |nthe event tree it is located just before breach, but
understood that intervention could occur at any

Case histories suggest that the d m/levee s




Intervention Factors to Consider

 Primary factors are typically site-specific: input from dam
operator, water district, area and regional office
representatives can be very useful.

e “Eyes on the dam” considerations:

— |s the dam in a remote location?

— Are likely exit paths observable (rockfill, tailwater, marsh,
vegetation)?

— How often is the dam visited by USACE or Reclamatlon ta

e Consider seasonal variations

* Power generation faC|I|t|es versus |rr|gat|on pro' -

ic considerations: | :
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Intervention Factors to Consider

e Detection through instrumentation and observations:

— It is unlikely a piezometer or seepage weir is located exactly at
the location of a concentrated leak or developing failure mode.

— Over long-term, piezometer and seepage measurement trends
can be indicative of slowly developing internal erosion failure
modes.

— Often, it is changes in behavior from visual observations that
provide the earliest indicators of a developing internal erosion
failure mode.

— Seepage observations of internal erosion failure nr
progress tend to be eplso large changes ir
s g and decrea
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Primary Factors for Evaluating the
Ability to Stop the Erosion Process

e Access: Can large equipment be mobilized to
areas of the dam where internal erosion is likely
to develop?

— Are there good access roads around the site?

— Consider bridge limitations, especially spillway bridges

— Alternate routes to opposite abutment areas

— Consider crest width

— Steepness of embankment slopes
et or marshy downst |




Primary Factors for Evaluating the
Ability to Stop the Erosion Process

e Practicality: Is it realistic and possible?

— How do you intervene for a downstream rockfill zone?
* Practicality of placing a weighted filter berm over rockfill

 Difficult access on steep 2H:1V rockfill slope

— What if the upstream entrance point is deep under
water?

— What if the downstream exit point of a tr




Primary Factors for Evaluating the
Ability to Stop the Erosion Process

 Material availability:

— Is there a nearby source of
sand and gravel (or even
larger rock)? On-site would be
the most ideal.

— Are pre-established
agreements in place with
local material suppliers?

— Can embankment material be
cannibalized? Length of dam
and freeboard considerations.

Keep in mind the volume of
needed materials to stop
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Primary Factors for Evaluating the
Ability to Stop the Erosion Process

e Equipment availability

— How quickly can excavators,
loaders, dozers, dump trucks
be mobilized to the site?

— Does the local water district
or sponsor have equipment
available for use?

— Are pre-established
agreements in place with
local contractors?

GRPRRTNENT OF Th Wiz
VS 2 ' I 2




Intervention Factors to Consider

* Release capacity and size of reservoir
— Can the reservoir be drawn down?

— What is the likelihood that sufficient volume could be
released (or head lowered) before a full breach
develops?

— Consider if outlet works is part of the failure mode

 Amount of freeboard
- — Lower reservoir: easi




Considerations for Estimating and
Reporting Probability

e Even with a high historical success rate, there
are significant unknowns, and risk teams are
sometimes reluctant to put too much faith in
intervention.

 Probabilities of initiation and contmuatlon
often tend to drive the risk estimate.

° |tis USACE practlce to estlmate annt '




Breach

e |nitiation

e Continuation

* Progression
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Breach

e |Important to understand how the dam might breach
for the potential failure mode under consideration:

— Gross enlargement of a pipe or concentrated leak followed
by collapse of the embankment, loss of freeboard, and
overtopping

— Sloughing or unraveling of the downstream slope due to
high seepage flows resulting in an over- steepened sIope
that progressively works toward the reservoir

— Sinkhole development sufficiently large to drop
below reservoir level or disrupt |t enoug
nger retain the reser
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Breach

e Type of breach depends on internal erosion process
being considered, embankment type, and the specific
failure mode being considered.

— A potential failure mode is usually dominated by one or
two breach mechanisms.

— Risk estimates should typically be developed considering
the most likely breach mechanism(s).

e Breach mechanisms vary in their time to fully de
and catastrophlcally release the reservoir,




Breach by Gross Enlargement

3 ft of riprap on 18-in

of bedding
Active reservoir | 25 ft | /” Crest EI. 4235
2121 Zone 1A

2 1/2:1
El. 4226 —~ ~

14ﬂ| \ |14 ftl sy
EL 4205 « oo

wtoff Coffar -ammmm—_

El.

Internal Erosion along the Outlet Works Conduit Example

e At this point in the fallure process progr
continued and i tion we ucce
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Breach by Unraveling

e Downstream rockfill zone begins to be eroded by high seepage
flows exiting the downstream slope (usually at the toe), causing
slope instability and a series of slope failures that ultimately lead to

a failure that takes out the crest.

e Solvik (1995) proposed a method to assess the stable boulder size

to prevent unraveling.

EROSION PIPE

OUTFLOW EXCEEDS
ROCKFILL CAPACITY,;
ROCKFILL DISLODGES
CAUSING SLOPE
INSTABILITY




Breach by Sloughing

e Some cohesionless .
embankments have failed by a
similar sloughing process

(“progressive erosion” or z
“saturation failure”)
e Particles removed similar to .

BEP, but roof is not stable, and
material collapses into the

void, temporarily stopping pipe \
gevelopmer : .
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Breach by Sinkhole Development

Dum .
o Dumped riprap
. o S —
Overburden soils
—_—— ——— —
Pre—existing foundation cavern — infilling
Limestone i removed by seepage (step 2)

J“——"\.__—______,_______-A_._.________H_r_‘____h__________

Seepage pathway in
bedrock (step 1)

Sinkhole Stoping: Seepage flows through bedrock, eroding
infilling in pre—existing cavern, which leads to
sinkhole farmation in overlying embankment.

NBUREwy oF pecLAMATON



Breach by Sinkhole Development

* Sinkhole must be sufficiently large to drop the crest below
the reservoir level or leave a small remnant not capable of

holding back the reservoir.

— Most sinkholes are small and shallow
— Located on crest about half the time
A

. e S— . e i 3 : ‘ 5
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Breach by Sinkhole Development

e Sinkhole development can be a slow process,
taking years to appear on the embankment
surface.

e Potentially a rapid process in the final stage
when it breaks through to the ground surfz

e Sinkholes could cause hlgher press :




Breach by Slope Instability

* |Internal erosion causes high pore pressures in the
foundation or embankment, resulting in reduced
shear strength and slope failure.

e Failure surface either intersects the reservoir or
the slope deformations are significant enough
that the remnant can’t resist the reservoir load.

. Generally not con5|dered to be a ver




lllustration of Internal Erosion
Leading to Slope Instabllity

Slope failure (slide) occurs due to
increased pore pressures (step 3)
A w
O =) 4 Increasing pore pressure at
. L&)
“ - base of dam. (step 2)
Dumped riprap @ S @ @ Dumped riprap i

Overburden soils K) / / '\':\
WW

Seepage path in upper part of bedrock {step 1)
J— —— M

limestone




Breach by Slope Instability

e Factors to consider:

— Freeboard relative to the embankment height
— Crest width

— Do drainage measures exist to prevent high pore pressures
(e.g., filter/drain, relief wells)?

— Will the slip surface impact the crest enough to lose
freeboard?

— Parametric stability analyses
e Evaluate the effec of increas
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